ABSTRACT Cognitive radio (CR) provides a radio-access method for unlicensed/secondary users to share the spectrum of licensed/primary users. To improve the energy efficiency of CR networks, we propose an energy-harvesting-aided spectrum sensing and data transmission scheme in this paper. In the proposed scheme, the individual sensing and the cooperative sensing of multi-users are combined corresponding to the strong and weak signal of primary users. Meanwhile, the transmission signal of local decisions in the cooperative sensing and the strong signal of primary users are harvested as RF energy by secondary users. In order to improve the performance of spectrum sensing and energy harvesting, we formulate a multi-objective optimization problem that jointly maximizes the detection probability of the presence of primary user and minimizes the false alarm probability while limiting the least harvested energy and the interference from secondary users on the primary receiver. The multi-objective optimization problem is solved by transferring it into a single objective problem. The single objective problem on the parameters without certain range is transferred into the problem on the parameters with certain range to obtain the final solution. Numerical results prove the effectiveness of our proposed scheme, that is, the interference from primary users on secondary users can improve the global detection probability and the harvested energy at secondary users.
I. INTRODUCTION
Cognitive radio (CR) is a promising solution for improving the lack of spectrum for 5G systems [1] - [3] . In cognitive radio networks, unlicensed/secondary users (SUs) share the spectrum of licensed/primary users (PUs) through accessing a spectrum hole which is a licensed spectrum unoccupied by its PUs at a particular time and a specific geographic location. Specifically, SUs detect the presence of PUs in the spectrum sensing phase to find a spectrum hole. Then, the communications among SUs are completed over the found spectrum hole in the data transmission phase. However, when the presence of PUs is detected, the communications among SUs are not permitted in order to protect the PUs' QoS [4] - [6] .
On the other hand, energy harvesting (EH) in wireless networks is the process of extracting energy from the surrounding environment, such as from solar, wind, heat, and RF signals, to supply energy for energy-constrained nodes [7] - [10] . Recently, the advances in theory and technology of energy harvesting from RF signals are developed for wireless networks [11] , [12] . In [11] , simultaneous information and power transfer becomes possible through power splitting device, while the first battery-free cellphone is designed in [12] to transmit and receive speech and simultaneously to harvest power from RF signals transmitted by a basestation 31 feet away.
With the recent advances in energy harvesting, energy harvesting is also utilized on cognitive radio networks as a greenery solution [13] , [14] . Thus, for the above mentioned situation that the data transmissions of SUs are not permitted during the presence of PUs, SUs can harvest the energy of RF signals from PUs' transmitter [3] , [15] , [16] . In [15] , the SU's optimal cooperation strategy to make the optimal decision of energy harvesting is proposed to maximize the SU's achievable throughput. In [3] , the throughput of PUs and SUs is maximized with constraints on the harvested energy. In [16] , the sensing intervals are optimized to balance between energy harvesting and spectrum access.
In addition, for sufficient utilization of PU's signal energy, the energy harvesting and the spectrum sensing can be Y. Gao et al.: CR Network With Energy-Harvesting Based on Primary and Secondary User Signals simultaneously done through splitting the energy received from PU transmitter, that is, energy splitting device of the CR splits the received energy for the energy harvesting and the spectrum sensing, respectively [17] - [19] . In [17] and [18] , an optimal sensing time for maximizing harvested energy and throughput of a CR network is investigated. In [19] , an optimal detection threshold based on the harvested energy is derived to maximize the transmission rate of SUs while protecting PU from collision.
However, if the energy received from PU transmitter is split to simultaneously obtain spectrum sensing and energy harvesting, the harvested energy and the performance of spectrum sensing could be decreased, especially when the PU signal is weak. In terms of this problem, A. Bhowmick in [20] uses non-RF energy harvesting as a supplementary of energy harvesting from RF signal of PU, and uses the prediction detection of the presence of PU to improve the performance of spectrum sensing.
Motivated by the work done in [20] , we propose an energyharvesting CR scheme to simultaneously obtain spectrum sensing and energy harvesting only from SUs' and PU's RF signals, where the received energy at a secondary user (SU) needn't be split for spectrum sensing and energy harvesting. To improve the performance of spectrum sensing, we combine the cooperative spectrum sensing of secondary relays (SRs) with the individual spectrum sensing of SU. To increase the harvested energy at SU, we design the energy harvesting from the RF signal of local decision transmissions for the fusion in cooperative spectrum sensing, besides from the RF signal of PU. The major contributions of this paper are summarized as follows.
• An energy-harvesting-aided spectrum sensing and data transmission scheme is proposed. In the proposed scheme, if the presence of PU is detected by SU, SU harvests the energy from the RF signal of PU during the reporting time as well as the data transmission time, and from the RF signal of transmitting SRs' local decisions during the reporting time. Such an energy harvesting scheme makes the energy captured from RF signal of PU and CR systems as much as possible. Also, it needn't split the received energy for spectrum sensing and energy harvesting to ensure the reliability of spectrum sensing results based on energy detection.
• The energy consumption is minimized by designing a novel spectrum sensing process. In the proposed scheme, spectrum sensing decisions are given by the cooperative spectrum sensing of SRs as the PU signals are weak and the channel fading is strong, or by the individual spectrum sensing of SU as the PU signals are strong and the channel fading is weak. Such a method of spectrum sensing decisions can save the sensing energy consumption without loss of sensing performance, compared with the method of only using cooperative spectrum sensing. To further decrease the energy consumption of cooperative sensing, a sleeping policy is utilized on SRs to reduce the transmissions of local decisions of SRs.
• A multi-objective optimization problem (MOP) is formulated to optimize the spectrum sensing performance, i.e., detection and false alarm probabilities of the presence of PU, with constrains on the harvested energy at SU and the interference from SU on PU receiver. The MOP is solved by changing it into a single-objective problem. The optimal results show that our proposed scheme obtains the high global detection probability with enough energy harvested from SRs' and PU's RF signals.
The rest of this paper is organized as follows. The system model and the proposed scheme in the Rayleigh channels are presented in Section II. We present the formulation of the underlying MOP and describe its solution in Section III and IV, respectively. In Section V, the numerical results are presented. We conclude the paper in Section VI.
II. SYSTEM MODEL
An energy-harvesting cognitive radio network coexists with a primary network as shown in Fig. 1 . A PU transmitter PU T and receiver PU R are in the primary network, while SU and N SRs denoted by N = {SR i |i = 1, 2, . . . , N ) are in the cognitive radio network. The additive white Gaussian noise (AWGN) at all receivers is modeled as a complex Gaussian random variable with zero mean and variance N 0 . We assume that SU can harvest energy from RF signals of PU's and SRs' transmitters. Such an assumption can be extended to other secondary users. All the energy harvested at SU during the energy harvesting time is used for spectrum sensing and data transmission [21] . From the implementation point of view, SU needs a rechargeable storage unit which can be a supercapacitor or a short-term/high-efficiency battery to support the switching between spectrum sensing, energy harvesting, and data transmission [22] . The time structure of a cognitive transmission period is shown in Fig.2 . The cognitive transmission period, T , is divided into the detection phase with duration τ D T , the reporting phase with duration τ R T , and the transmission phase with duration (1−τ D −τ R )T . τ D and τ R are the detection and the reporting overhead, respectively. Thus, 0 < τ D < 1 and 0 < τ R < 1. In the detection phase, both N SRs and SU detect the presence of PU. K (K ≤ N ) SRs are assumed to decide no presence of PU. They transmit their individual/local decisions to SU in the reporting phase. If the presence of PU is detected directly by SU in the detection phase, SU considers the presence of PU as the final decision of spectrum sensing. Meanwhile, SU switches on the energy harvesting from the transmission of local decisions of SRs in the reporting time as well as from the PU signal in the reporting and transmission time. Otherwise, SU fuses the local decisions of SRs to obtain a global estimate of the presence of PU in the reporting phase. If the global estimate result is the presence of PU, SU switches on the energy harvesting from the PU signal in the transmission time. Otherwise, SU transmits its data to its destination in the transmission phase.
The process of the above cognitive transmission is given in detail in the following subsections.
A. DETECTION PHASE
Considering the low implementation complexity and the detection of no prior information signals from PU, we use energy detection as the detection technique utilized by SRs and SU. By denoting ε i as the received energy at SR i , the local decision rule at SR i is expressed as
where λ 1 is the threshold of the energy detection. The presence and absence of PU are denoted by H 1 and H 0 , respectively.Ĥ 1 andĤ 0 denote the sensing decisions of secondary users for the presence and absence of PU, respectively. Thus, we can obtain the local false alarm and detection probabilities at SR i as (2) and (3) in the Rayleigh channels, respectively [23] .
and
where u = BT τ D is the product of the time and bandwidth and B is the detected bandwidth of PU. γ i is the received average signal-noise ratio (SNR) of PU measured
because of the fixed noise variance across the different SR i s. Hereafter, we simply use P f (λ 1 ) instead of P fi (λ 1 ). However, this is not true for
Similarly, by denoting ε s as the received energy at SU, the local decision rule at SU is expressed as
where λ 2 is the threshold of the energy detection. We suppose λ 2 > λ 1 because SU is designed to sense the strong signal received from PU. Thus, the strong signal from PU is used to decide the presence of PU, i.e., decisionĤ 1 given by SU, which is also considered as the final decision of the spectrum sensing. When the signal from PU is not enough strong, i.e., ε s ≤ λ 2 , SU gives no local decision, and fuses the local decisions of SRs to obtain more reliable sensing decision instead (The process of making the final sensing decision is explained in detail in the reporting phase). Then, the local false alarm and detection probabilities at SU are obtained as (5) and (6), respectively.
where γ s is the received SNR of PU measured at SU.
B. REPORTING PHASE 1) LOCAL DECISION TRANSMISSIONS THROUGH THE DETECTED SPECTRUM HOLE
To reduce the additional spectrum resources used, the local decisions of SRs are transmitted to SU for the fusion through VOLUME 6, 2018 the detected spectrum hole. Specifically, if SR i decides the absence of PU, which means a spectrum hole is detected, SR i uses the detected spectrum hole to send a cyclic redundancy code (CRC)-encoded indicator signal to SU. The detected spectrum hole is divided into N sub-channels for the transmissions from SR i s to SU in order to avoid mutual interference. Otherwise, if SR i decides the presence of PU, which means a spectrum hole is not detected, it transmits no signal for the fusion to avoid the interference on PU. Meanwhile, such SR i turns on the sleeping state to save the energy. The sleeping rate ρ i at SR i is given by
where P a = Pr{H 0 }. Pr{H 0 } and Pr{H 1 } denote the probabilities of the absence and presence of PU, respectively. Note that in the transmission process of local decisions above, the interference from PU on SU occurs when the local decision at SR i is the absence of PU given that PU is present. Considering that the interference could make a transmission outage of local decisions, we give the decision rule for the fusion at SU as follows.
Let H iS denote the decision event made by SU according to the signal received from SR i . H iS = 1 if an outage of local decision transmission from SR i to SU occurs or SR i transmits no signal to SU; otherwise, H iS = 0 if SR i transmits an indicator signal and the CRC checking passes at SU. Thus, the decision rule at SU is given by
where iS expresses the transmission event from SR i to SU. iS = 1 denotes a transmission outage; otherwise, iS = 0. According to the Shannon theory, the information can be decoded correctly if the channel capacity is larger than the data rate. Thus, the probability of iS = 0 is given by [24] Pr
where ϕ = 2 N /(τ R BT ) − 1 /γ r , γ r = P r /N 0 with the transmitting power P r of SR i , and γ p = P p /N 0 with the transmitting power P p of PU. |h rs | 2 and |h ps | 2 are the channel gains from SR i and PU to SU, respectively. They are mutually independent random variables satisfying the exponential distribution with the mean σ 2 rs and σ 2 ps , respectively. |h ps | 2 γ p denotes the PU interference on SU as the miss-detection of the presence of PU occurs.
Considering that only the local decisions of the absence of PU are transmitted for the fusion, we use the AND fusion rule, where a zero is the main factor for the decision, rather than the OR rule [25] . Let D SU denote the fusion result at SU. The AND rule means that D SU = 0 if at least H iS = 0; else, D SU = 1. Thus, from (8) and (9), the detection and false alarm probabilities for the AND fusion rule are respectively given by
Note that from (10) and (11), the detection and false alarm probabilities by the fusion at SU are independent from the sleeping rate of SR i , because if SR i transmits no signal to SU, SU assumes that the local decision of such SR i is one, i.e., H iS = 1.
2) FINAL SENSING DECISION
The final sensing decision isĤ 1 if SU's local decision isĤ 1 obtained from (4) , which means the signal from PU is strong due to λ 2 > λ 1 . At that time, SU switches on the energy harvesting from the RF signals transmitted by PU and SR i s whose local decisions areĤ 0 . Meanwhile, the local decisions of SR i s needn't be fused at SU.
If no local decision is given by SU from (4), which means the signal from PU is not strong, the final sensing decision is determined by fusing the local decisions received from SR i s in order to improve the reliability of sensing decisions. At that time, SU switches off the energy harvesting mode and begins to fuse the local decisions of SR i s.
Considering the above process of the final sensing decision, we can give the global detection and false alarm probabilities at SU by (12) and
C. INTERFERENCE ANALYSIS
As mentioned above, the local decision at SR i is transmitted to SU through the detected spectrum hole. Therefore, the mutual interference between SUs and PU occurs in the reporting phase when the local decision at SR i is the absence of PU given that PU is present.
We first analyze the interference from PU on SU. When the local decisions of SU and SR i are the presence and absence of PU, respectively, given that PU is present, the signal from PU interferes with the reception of local decision of SR i at SU. However, such interference from PU does not affect the final sensing decision, because in this moment the final decision is the presence of PU determined by the local decision of SU. Meanwhile, the transmission energy from SR i and PU to SU can be harvested by SU. That means, when the signal from PU is strong resulting in the interference on the reception of the local decisions of SR i s, the interference is utilized on the decision of the presence of PU and on energy harvesting in the reporting phase and the following transmission phase. Moreover, although the transmissions of local decisions from SR i s to SU do not contribute to the sensing decisions at this moment, they can be utilized on energy harvesting at SU.
On the other hand, when SU gives no local decision and the local decision of SR i is the absence of PU given that PU is present, the signal from PU interferes with the reception of local decision of SR i at SU. Such interference from PU on SU could affect the final sensing decision, because at this moment the final decision is determined by the fusion of the local decisions of SR i s. That means, when the interference from PU leads to the outage of local decision transmissions, the received decisions could be errors. Considering such interference, we have given the detection and false alarm probabilities for the AND fusion rule at SU in (10) and (11) .
Then, we analyze the interference from SR i s on PU R . The interference on PU R during the transmission of the local decision of SR i should be controlled in order to protect a PU's QoS. To protect a PU's QoS, the outage probability of the PU communication, P PUout , should be lower than a predefined threshold P out_th , i.e.,
From [24, eq. (16)], an outage from PU T to PU R occurs as the signal-to-interference ratio (SIR) received at PU R is less than the threshold SIR th . Thus, the outage probability of the PU communication is expressed as
with
, where SIR th = 2 R p − 1 and R p is the data rate at PU T . σ 2 rd and σ 2 pd are the mean of the exponential distribution for the gains of the channels from SR i and PU T to PU R , respectively. Note that Eq. (15) is the upper bound of the outage probability of the PU communication, because it considers that all SRs transmit their local decisions.
Eq. (15) shows that the interference on the PU R from SR i can be controlled by decreasing the transmit power of SR i , P r , and increasing the local detection probability of SR i , P di (λ 1 ). Therefore, as P r is fixed, a lower bound of P di (λ 1 ) can be obtained from (14) , and results in a lower bound of the global detection probability P dG from (12) . The lower bound of P dG is used as a constraint of the optimization problem in Section III, in order to protect a PU's QoS.
D. ENERGY HARVESTING AND CONSUMPTION
SU can harvest energy only when the final sensing decision at SU is the presence of PU. Specifically, as the local decision of SU is the presence of PU, SU harvests the energy from the reception of local decisions of SR i s who determine the absence of PU, and from the PU's signals given that PU is present in the reporting and transmission phases. On the other hand, as the local decision of SU is no decision and the final sensing decision of the presence of PU is obtained by fusing the reception of local decisions of SR i s, SU harvests the energy from the PU's signals only in the transmission phase given that PU is present. Thus, we can give the average energy harvested at SU in the reporting and transmission phases by
where 0 < η < 1 denotes the energy conversion efficiency of the harvesting circuit. In addition, the energy consumptions of SU should be considered in order to know whether the harvested energy satisfies the requirement of energy consumptions of SU. The energy consumptions of SU include the detection of the presence of PU in the detection phase, the fusion of local decisions received from SR i s in the reporting phase given that no local decision is made by SU, the transmission of secondary data in the transmission phase given that the final sensing decision is the absence of PU. Thus, the average energy consumptions of SU can be expressed as (17) , as shown at the top of the next page, where the energy consumptions in the three phases are denoted respectively. P D , P F and P T denote the power consumptions in the detection, fusion and transmission phases, respectively. The probability expressions P a 1 − P fs (λ 2 ) + (1 − P a ) (1 − P ds (λ 2 )) and P a 1 − P fG (λ 2 ) + (1 − P a ) (1 − P dG (λ 2 )) in (17) express the probability of no local decision given by SU, i.e., Pr (ε s ≤ λ 2 ), and that of the absence of PU determined at SU, i.e., Pr Ĥ 0 , respectively.
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Reporting phase
III. PROBLEM FORMULATION
In the proposed scheme, the strong interference from PU on SU in the reporting phase is utilized on the decision of the presence of PU and on the energy harvesting by SU. Meanwhile, the interference on PU from the transmissions of local decisions of SR i s is also utilized on the energy harvesting at SU. Our goal of designing such a scheme is to turn harmful interference into favorable factors of improving the sensing performance and providing the power for SU. Thus, our goal can be described as a MOP that jointly maximizes the global detection probability and minimizes the global false alarm probability, while satisfying one target on the harvested energy constraint at SU and the other on the outage probability constraint at the PU receiver, as following (18) where E 0 denotes the initial energy stored in the battery of SU. E o + E h ≥ E c means that the harvested energy of SU should guarantee the SU's work even when the initial storage energy of the battery is less than the consumed energy at SU. P PUout ≤ P out_th protects the PU communication from the interference of the transmission of SR i 's local decision.
IV. PROBLEM ANALYSIS
The -constraint method is a well-known technique to solve MOPs. In this method, a MOP is simplified to a singleobjective problem (SOP) where an objective function from multi-objective functions is selected as the main objective, and other objective functions are changed into constraints bound by some allowable levels [26] . Using this method and considering that the detection probability is a main factor to protect PU, we rewrite the above MOP in (18) as (19) where P fth denotes the threshold of the global false alarm probability.
To solve the optimization problem in (19), we present Theorems 1 and 2.
Theorem 1: P fi (λ 1 ) is a monotonously decreasing function of λ 1 .
Proof: From (2), we obtain the derivation of (a, b) = ∞ b x a−1 e −x dx in terms of b, i.e.,
where a = u > 0 and b = λ 1 /2 > 0 for P fi (λ 1 ) in (2) . Therefore,
< 0, which concludes the proof. Theorem 2: As γ i 1, P di (λ 1 ) is a monotonously decreasing function of λ 1 .
Proof: As γ i 1,
Because λ 1 > 0, the exponential function e −λ 1 /(2γ i ) is a monotonously decreasing function of λ 1 . This concludes the proof.
From (21), we can obtain λ 1 = −2γ i ln P di , which is substituted into (2) to obtain
. Similarly, we rewrite (5) as P fs (P ds ) =
. Thus, the optimization problem in (19) on the parameters λ 1 and λ 2 without certain range is changed into the optimization on P ds and P di with certain range between 0 and 1. Then, substituting (12) and (13) into (19), we can rewrite (19) as
where
From P fi (P di ) and P fs (P ds ) above, P fi is the increasing function of P di , and P fs is the increasing function of P ds . Also, from (13) , P fG is the increasing functions of P fi and P fs , respectively. Thus, P fG is the increasing functions of 9086 VOLUME 6, 2018
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P di and P ds , respectively. Then, the upper bounds of P di and P ds can be obtained from (st-1) as
Meanwhile, we rewrite (16) as
(27) (27), E h is the increasing function of P ds . In addition, from (17), E c is the decreasing function of P ds , because P fs , P fG and P dG are all the increasing functions of P ds . To this end,
is the increasing function of P ds . Thus, from (st-2), the lower bound of P ds is given by
From (st-3), we can obtain the lower bound of P di , because P PUout is the decreasing function of P di from (15) . Thus, the lower bound of P di is given by
Since P dG in (22) is the increasing functions of P ds and P di , respectively, the upper bounds of P ds and P di in (25) and (26) are the solution of the optimization problem (22) . Meanwhile, P upper ds ≥ P lower ds and P upper di ≥ P lower di needs to be satisfied from (st-2) and (st-3), and P upper di satisfies (st-2). Note that 0 < τ D < 1, the optimal τ D can be found with an exhaustive search method. Thus, the optimization problem in (22) can be solved.
Since the optimization problem (22) of SOP may not be jointly convex for τ D , P ds and P di , it is hard to be solved directly. We adapt one-by-one optimization approach to solve the problem (22) based on the above problem-solving process. That means the solutions of P ds and P di are first obtained with a given τ D , and then the optimal solutions of τ D , P ds and P di are found with exhaustive search τ D .
In Section V, we give the numerical results for the optimization problem and evaluate the performance of the proposed scheme according to the numerical results.
V. NUMERICAL RESULTS
In this section, we present numerical results for evaluating the performance of the proposed scheme. Since our goal of proposing such a scheme is to turn harmful interference into favorable factors of improving the sensing performance and providing the power for SU, we emphasize on evaluating the receiver operating characteristic (ROC) performance of spectrum sensing and the harvested energy by SU. For simplification, each SR i is assumed to have the same SNR γ i , and AWGN variance N 0 is normalized to 1. The initial energy stored in the battery of SU, E 0 , is assumed to zero in order to obtain the minimum of the harvested energy by SU.
For the evaluation of ROC performance, we give optimal local detection probabilities, P di at SR i and P ds at SU, and global detection probability P dG versus the false alarm probability threshold P fth as shown in Fig.3 and Fig.4 , respectively. In Fig.3 and Fig.4 , P di , P ds , and P dG all increase with P fth . That shows the minimum of the false alarm probability and the maximum of the detection probability could not VOLUME 6, 2018 FIGURE 5. Optimal local and global detection probabilities for the false alarm probability threshold with P a = 0.6, P out_th = 0.01, γ i = γ s = 18dB, P r = 15 dB, P D = 1.5 dB, P F = 15 dB, P T = 15 dB, be obtained simultaneously. Moreover, as shown in Fig.3 , optimal P ds is always smaller than optimal P di as γ i = 18dB, γ s = 15dB and γ i = 15dB, γ s = 18dB. That means, SU needn't have the same high local detection probability as SR i for high global detection probability P dG of Fig.4 . In addition, optimal P di and P ds increase with the SNR γ i and γ s from 15dB to 18dB, respectively, since they are directly proportional to the SNRs from (21) . Because P dG is the increasing function of P di and P ds from (12), P dG s with γ i = 15dB, γ s = 18dB and γ i = 18dB, γ s = 15dB are larger than that with γ i = γ s = 15dB as shown in Fig.4 . Meanwhile, P dG with γ i = 15dB, γ s = 18dB is a little larger than that with γ i = 18dB, γ s = 15dB. The reason is that optimal P ds increases more than optimal P di as γ i = 15dB, γ s = 18dB changes to γ i = 18dB, γ s = 15dB in Fig.3 , and that the local detection probability P ds at SU is the main factor for the global detection probability P dG . The analysis above shows that our proposed scheme can obtain high global detection probability (P dG >0.9) with the strict requirement of the false alarm probability threshold, and the global detection probability can be further improved by increasing the local detection probability P ds at SU. For the evaluation of the effect of the interference of PU on ROC performance, we give optimal local and global detection probabilities for the false alarm probability threshold with the transmitting power of PU, P p = 20dB and P p = 19dB, in Fig.5 . From Fig.5 , both optimal local detection probabilities P di and and P ds are unchanged with P p from 19dB to 20dB, since they are not directly related to P p from (3) and (6) . However, the global detection probability P dG increases with P p . The reason is that the larger P p makes the larger outage probability of the local decision transmissions from SR i to SU, while the outage results in more local decisions to be regarded as '1' for the fusion. Thus, the detection probability P dF obtained by the fusion of the local decisions grows from (10) to lead to the increase of P dG . From the analysis above, the improvement of the global detection probability can be obtained as the increase of the transmitting power of PU, even as the local detection probabilities are invariable.
For the evaluation of the effect of the number of SRs on spectrum sensing performance, we give optimal local and global detection probabilities for the number of SRs with the transmitting power of PU, P p = 20dB and P p = 19dB, in Fig.6 . From Fig.6 , optimal P ds is unchanged with N , since it is not related to N from (6). Optimal P di increases with N , because the increase of N reduces the false alarm probability P fF from (11) and P fG from (13) , and thus optimal P di grows to keep P fG reaching the threshold P fth . However, the global detection probability P dG does not always increase with N and has the smallest value with N = 6, since the increases Y. Gao et al.: CR Network With Energy-Harvesting Based on Primary and Secondary User Signals of P di and N make P dG increase and decrease, respectively, from (22) . This phenomenon proves that for cooperative spectrum sensing, there is the tradeoff between the increase of the number of cooperative sensing nodes and the improvement of sensing performance.
Also, we evaluate the effect of the number of SRs on the harvested and consumed energy by SU as shown in Fig.7 . Here, we divide each energy value by T for simple display of the vertical coordinate. From Fig.7 , the harvested energy E h increases with N . The reason is that, due to the increase of optimal P di with N in Fig.6 , the detection probability P dF also increases, and E h is the increasing function of P dF from (16) . Meanwhile, the consumed energy E c decreases with N , because E c is the decreasing function of P di from (17), while P di increases with N from Fig.6 . In addition, from Fig.7 , E h increases largely with P p from 19dB to 20dB, since E h is the increasing function of P p from (16) . That means, when the transmitting power of PU grows, both the global detection probability P dG and the harvested energy E h by SU are improved in our proposed scheme, according to Fig.6 and Fig.7 . Therefore, it proves the effectiveness of our proposed scheme, that is, the interference from PU on SU can improve the global detection probability and the harvested energy at SU.
VI. CONCLUSION
In this paper, we propose an energy-harvesting-aided spectrum sensing and data transmission scheme in cognitive radio networks, motivated by the idea of turning harmful interference from PU into favorable factors of improving the sensing performance and providing the power for SU. We formulate a multi-objective optimization problem to obtain the performance improvement of both spectrum sensing and energy harvesting. Numerical results show that the global detect probability can be higher than 0.9 as the global false alarm probability is 0.01, on condition that the minimum energy harvested by SU can satisfy the requirement of energy consumption of SU. 
